Abstract: In order to develop recycle economy and friendly saving environment, many business enterprises have deployed green supply chain management (GSCM) practices. By employing related theorise of GSCM, organizations expect to minimize the environment impact caused by their commercial and industrial activities in supply chain. Different suppliers may provide different GSCM practices, so evaluating their GSCM performance to rank the green suppliers is an important aspect in practice. In this paper, a novel decision method named fuzzy generalized regret decision-making method is proposed. The fuzzy generalized regret decision-making method is based on ordered weighted averaging (OWA) operator, which is used to effectively aggregate individual regrets related to all stats of nature for an alternative under fuzzy decision-making environment. By combing the proposed method with the application background of GSCM practices, a novel fuzzy decision model for evaluating GSCM performance is further proposed. In the proposed model, the regret of decision maker is taken into consideration with an aim of minimizing the dissatisfaction when choosing the best green supplier. Individual regrets related to all criteria for a green supplier are aggregated to obtain effective regret. Finally, the green suppliers can be ranked according to the effective regrets. A numerical example is used to illustrate the effectiveness of the proposed method.
Introduction
As the awareness of environment protection is increasing and the concerning regulations from government become more strict, green supply chain management (GSCM) plays more and more important role nowadays [2, 7, 17] . GSCM is widely used particularly in commercial and industrial applications all over the world [1, 20, 37] . The main purpose of using GSCM is to avoid the negative effects on the environment caused by the commercial and industrial activities [31, 59] . A lot of companies have adopted concerning theory of GSCM in order to reduce the environmental and legal risk during the supply chain and enhance international competitiveness [6] .
When applying GSCM practices, it is very necessary for companies to evaluate their own GSCM performance. Besides, some companies also need to green their supply chains by selecting the better supplier from the existing green suppliers [25, 26] . Therefore, an effective tool for evaluating GSCM performance is vital in practice [22, 30, 40] . Many factors should be taken into consideration during the green supply chain, such as production, material, transformation, storage, purchasing, after-sales service and so on [3, 5, 28, 50, 60] . It is common that information is related to multiple aspects in many applications [9, 23, 51] . Actually, evaluating and selecting suppliers is a multi-criteria decision making problem [18, 48] . It is usually inevitable that information contains some uncertainty when the suppliers are evaluated by human judge. Therefore the environment is fuzzy for majority of multi-criteria decision making problems in practice. Many multi-criteria decision making methods have developed in fuzzy environment [21, 24, 39] . Among these methods, AHP(Analytical Hierarchy Process) and TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution) method are the most popular [21, 38] . Besides, many other theories are developed and applied to supplier evaluation and selection, such as ANP(Analytic Network Process), VIKOR(VlseKriterijumska Optimizacija I Kompromisno Resenje), DEMA-TEL(D ecision-making Trial and Evaluation Laboratory), PROMETHEE(Preference ranking organisation method for enrichment of evaluations), COPRAS(Complex Proportional Assessment) and so on. For instance, in [20] when rating and selecting of potential suppliers, economics (cost), operational factors (quality and delivery), and environmental criteria, recycle capability and GHG emission control are considered by using Fuzzy TOPSIS method. Later the PROMETHEE method is proposed to rank the suppliers according to each decision maker's preferences in [20] . In [40] the multiple criteria evaluation method for green supply programs is based on integrating rough set theory elements and fuzzy TOPSIS. Literature [49] introduces a new decision framework to evaluate GSCM practices by combining Monte Carlo simulation, AHP and VIKOR methods under fuzzy environment. However, few work pay attention to apply regret theory to solve the problem of evaluating green supplier's performance in green supply chain.
The regret decision theory is developed by Loomes and Sugden [42] , Bell [4] and Fishburn [19] . For a basic regret decision-making model, there are several different regrets for an alternative under different states of nature. The received payoffs exist some difference when decision makers choosing different alternatives under each state of nature. The regret value is defined as a reflection of the difference between the payoff from the choice of alternative and the best payoff from another choice of alternative under the same state of nature. Different from the classic decision making theory, the basic point of regret decision making is trying to minimize the dissatisfaction when not making the best decision. By applying the regret decision theory, the decision maker can choose the alternative that bringing the minimum regret. Therefore the dissatisfaction of decision maker is minimum if the alternative with the minimum regret is carried out. In this sense, the alternative with the minimum regret is the best choice, which is the most reliable one and can bringing the best payoff compared other alternatives. Naturally, the aim is to find the alternative with the minimum regret in regret decision-making model. So it is a key step to find an exact regret associated with all states of nature for each alternative. However, the regret aggregation method has some limitations in basic regret decision-making theory. For this reason, Yager proposed the generalized regret decision-making method based on OWA operator [55] . This method provides a parameterized family of operations, which can be used to more effectively aggregate an alternative's individual regrets than the basic regret decision theory [55] . However Yager's method is designed for certain decision environment and cannot settle the problem in fuzzy environment. In practice, the information obtained often is uncertain [10, 13, 19] . Many decision-making problems are under uncertain environment [8, 10, 36, 39] . In these cases, the method proposed by Yager is not applicable even though this method is an effective tool to handle multi-decision making problem.
The main contribution of this paper is summarized as follows. First, a new fuzzy multiple criteria decision-making method based on regret theory is proposed. Extended the Yager's generalized decision-making method, the proposed method, called fuzzy generalized decision-making method, can effectively handle the decision making problems in fuzzy environment. Second, the proposed method is combined with the application background of GSCM practices, a novel multi-criteria decision-making model for evaluating the green supplier's performance is further proposed. By aggregating the individual regrets associated to a supplier, the effective regret can be obtained. The effective regret of a green supplier is smaller, and the decision makers 339 are more satisfied with the decision of choosing this supplier. Our aim is to select the supplier with the minimum effective regret, which is the best supplier. According to all effective regrets obtained, suppliers can be ranked. A numerical example is used to illustrate the effectiveness of the proposed decision model. The rest of this paper is organized as follows. Section 2 shows the basic concepts, including fuzzy set theory, OWA operator and presented regret type decision making. In Section 3, the proposed decision-making method and decision model for suppliers evaluation are introduced in detail. Section 4 presents a numerical application to illustrate the effectiveness of the proposed model. In the end, conclusion and the future works are shown in Section 5.
Preliminaries

Fuzzy set theory
The fuzzy set theory proposed by Zadeh [58] is widely applied in many fields. Nowadays many studies are related to the fuzzy set theory, such as intelligent event process [43, 52, 57] , evidence theory [7, 9, 33, 34] , aggregation operator [49, 56, 74] , decision making [27, 76] and so on [16, 63] . Let X be the universe of discourse, X = {x 1 , x 2 , · · · , x n }, a fuzzy setÃ defined on X is characterized by a membership function µÃ(x), which can be denoted as:
Triangular fuzzy number is a special type of fuzzy sets, µ A (x) for a triangular fuzzy number A = (a, b, c) is defined as following:
Let A = (a 1 , b 1 , c 1 ) and B = (a 2 , b 2 , c 2 ) be two triangular fuzzy numbers. Some basic arithmetic operations for triangular fuzzy numbers are given as follows [41] :
where λ is a real number. The distance between two triangular fuzzy numbers is a basic concept for triangular fuzzy number. There are many methods for calculating the distance. One popular and classical distance function is defined as follows [15] :
The similarity of two triangular fuzzy numbers A and B can be defined as [29] :
Obviously, the value of s(A, B) is larger, the two triangular fuzzy numbers A and B are more similar.
Ordered weighted averaging (OWA) operator
Averaging operator proposed by Yager is a important tool for information fusion [46, 57] . An OWA operator of dimension m is a mapping OWA: R m → R that has an associated m dimensional weighting vector w = (w 1 , w 2 , · · · w m ). If j = 1, · · · , m the y j are a collection of numeric values. Then the OWA aggregation of these value is
where w k ∈ [0, 1] and
is the index of the kth largest of y j . A number of approaches have been introduced to obtain the OWA weights [47] . In [56] Yager introduced a functional method of obtaining w k from function f :
where function f satisfies f (x) ≥ f (y) if x > y, and f (0) = 0 and f (1) = 1.
Generalized regret decision-making theory
For a decision-making problem, assume there are m possible states of nature and n alternatives, then this problem can be shown as following in a matrix S = [s ij ] m×n , where s ij is the payoff received from the result of decision about jth alternative under ith state of nature. According to the basic regret decision making theory, the decision of selecting an alternative should meet the desire that the regret of this choice is minimum [4, 42] . For this point, the regret matrix V is R = [r ij ] m×n , where r ij = s i max − s ij represents the difference between the payoff s i max received from the jth alternative and the maximal payoff s ij received from another alternative under ith state of nature. The regret R j = Agg i=1 to m [r ij ] for each alternative is calculated and then select the alternative with minimum regret R = M inn j=1 to n [R j ].
In the framework of generalized regret type decision-making based on OWA, the equation of calculating aggregated regret R j is defined as [55] :
One condition is that a smaller regret is assigned no more weight than a bigger regret. That is if r iρ i (k 1 ) > r iρ i (k 2 ) then w k 1 > w k 2 , which ensures a greater regret to dominate among all individual regrets for an alternative. The OWA weights of regrets can be obtained by Eq. (8), in which one feasible function f is f (x) = x r , and r ∈ (0, 1) [55] . So the equal for obtaining OWA weights of regrets is shown as follows [55] :
3 The proposed method and model for GSCM practices
The proposed fuzzy generalized regret decision-making method
The generalized regret decision-making method proposed by Yager is an effective decision making-method and overcomes the limitations of the basic regret decision making method. However this method is designed for exact number and can not be applied for fuzzy environment. As we all know many decision-making problems are presented in the fuzzy environment in practice. For this issue, a fuzzy generalized regret decision making method is proposed in this paper. The
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Step 7:Rank all suppliers according to the effective regrets proposed method extends Yager's generalized regret decision making method to the fuzzy environment and this can be used to effectively handle fuzzy decision making problem. The proposed fuzzy generalized regret decision-making method consists of the following steps:
Step 1: For a decision making problem assume C i for i = 1 to m is the state of nature ,the existing alternative is A j for i = 1 to n. And the weight of the states of nature should be taken into consideration, which is expressed by triangular fuzzy number and is called the fuzzy weight in this paper. Then matrix can be indicated as:
where s ij = (a ij , b ij , c ij ), which is a triangular fuzzy number, represents the payoff for alternative j under state of nature i.
Step 2: The fuzzy weight of each states of nature is transformed to crisp number, then the matrix multiplied by defuzzified weights of the decision criteria is transformed to weighted fuzzy-decision matrix:
where v ij = v ij · w i and w i is the defuzzified weight of the ith state of nature.
Step 3: In this step the regret matrix is expected to get from the weighted fuzzy-decision matrix. Assume v i max is the maximum fuzzy number of ith row matrix.
First the maximum v i max under the state of nature C i is obtained by sorting the triangular fuzzy numbers of ith row of matrix V . According to the regret theory, the regret value r ij is represented by the difference between matrix element v ij and the maximum v i max . A difference measure dif is given based on the similarity of two triangular fuzzy numbers in this paper and is defined as:
Obviously the value of dif (v ij , v j max ) is larger, the difference degree between two triangular fuzzy numbers v ij and v i max is bigger. Based on the difference measure dif , the regret matrix R is obtained as:
Step 4: Since the regret matrix elements obtained though the last step are crisp numbers, thus the effective regret of each alternative can be calculated by Eq. (9).
Step 5: Finally all the alternatives should be ranked according to the effective regrets obtained in the step 4. The effective regret value is smaller indicating the corresponding alternative is better. Among all alternatives the best one is the one with the minimum effective regret.
The decision model for GSCM practice
The aim of using GSCM practices is developing friendly environment and reduce the adverse effects on the environment. It is important to evaluate suppliers according to their comprehensive performance about GSCM's criteria. In this part, based on the proposed fuzzy generalized regret decision-making method, a new decision model is proposed to evaluate the green supplier's performance in GSCM. When using the proposed model evaluates the performance of suppliers, different criteria can be seen as different states of nature and green suppliers are equivalent to alternatives. Assessments made by experts reflect the performance of green suppliers under different criteria. The assessment matrix is the decision-making fuzzy matrix in the proposed method. The process of ranking green suppliers with the proposed model is shown in Figure 1 and indicated as follows.
Step 1: The environmental experts are selected to form a decision-making team.
Step 2: Experts determine the relevant criteria for selecting and evaluating green suppliers. Then the weights of all criteria are given by experts according to the importance of each criterion.
Step 3: Set the appropriate linguistic scale for green suppliers related to criteria for alternatives. Those linguistic scale is used to evaluate all green suppliers under each criterion by environmental experts. Then those linguistic scale are transformed to scale with fuzzy numbers, which is used to transform the linguistic assessments to the assessment matrix expressed by fuzzy number.
Step 4: According to the weights of each criterion, the assessment matrix are disposed to get the weighted fuzzy assessment matrix. First assessments from different experts for each criterion should be fused into one fuzzy number so that fused assessment matrix is obtained. In addition, the weights of criteria with fuzzy number is transformed to crisp number. Then the weighted fuzzy assessment matrix V is obtained by multiplying the defuzzified weight and fused assessment matrix.
Step 5: The regret decision-making matrix is calculated according to weighted fuzzy assessment matrix V . First by ranking the triangular fuzzy numbers, the maximal fuzzy number v i max is selected from ith row of weighted fuzzy assessment matrix V . Then based on matrix V and v i max for i = 1 to i = m, the regret decision-making matrix R is obtained by Eq. (6).
Step 6: OWA weight is calculated by Eq. (10) and individual regrets under each criteria for each green suppliers are aggregated in this step. In order to aggregate the regrets based on OWA operator, each column elements in matrix R is sorted in descending order to get r jp j (k) . Then Eq. (7) is used to aggregate all individual regrets under each criteria for each supplier to obtain effective regrets.
Step 7: Alternative suppliers can be ranked according to the effective regrets. The alternative with smaller effective regret, then it ranks higher.
An illustrative application and discussing
In this section, a numerical example from [49] is used to show the proposed decision model in detail and illustrate its effectiveness. It is considered that a manufacture employs GSCM practices and needs to evaluate four green suppliers according to their performance in GSCM. And the managers of this manufacture make use of our proposed decision model to make this evaluation.
First, the basic example data in [49] is given. The criteria for evaluating four suppliers is shown in Table 1 . Those criteria are divided into four groups, which is inbound,operations,production operations, outbound operations, and reverse logistics and four suppliers. Each criterion group consists of several sub-criteria. Globe fuzzy weights of all criteria based on the importance of each criterion and linguistic assessments of three experts are presented in Table 3 . In addition, linguistic scale is shown in Table 4 .
Then the assessment matrix is disposed to get the weighted fuzzy assessment matrix. Assessments of three experts can be fussed by equal because there is no weight information about these experts. Let A = (a 1 , b 1 , c 1 ) , B = (a 2 , b 2 , c 2 ), C = (a 3 , b 3 , c 3 ) be the assessments given by three experts, then those three assessments can be fused by D = Table 4 . The fused assessments matrix is weighted to ensure that can reflect the importance degree of criteria. The weights of criteria can be transformed to the crisp number first. The weightW = (w 1 , w 2 , w 3 ) of each criterion is defuzzified by using following function:
After defuzzfying, the fuzzy weights are transformed to crisp numbers. By multiplying the defuzzified weight and fussing assessment matrix, the crisp weights and a weighted fuzzy assessment matrix V are shown in Table 5 . The next step is to calculate the regret decision-making matrix according to weighted fuzzy assessment matrix V . First, all triangular fuzzy numbers need to be ranked to find the the maximal fuzzy number v i max . It can be seen that any two triangular fuzzy numbers V 1 = (a 1 , b 1 , c 1 ) and V 2 = (a 2 , b 2 , c 2 ) of case in [49] always satisfy b 1 > b 2 and c 1 > c 2 if a 1 > a 2 . Distance between two triangular fuzzy numbers defined in Section 2, which is commonly applied to rank triangular fuzzy number. The value of distance can be calculated by Eq. (5 in this example. It is noted that the best assessment given by expert is VG with triangular fuzzy scale (7, 9, 10) . Let L = (7, 9, 10),
Thus the distance between L and v i max is minimum among all elements in row i. It can be seen that any two triangular fuzzy numbers
Eq. (13) is used to calculate distance between L and v ij so that we can find v i max according to the minimum value of distance. The result of largest fuzzy numbers of each row is showed in Table 5 . Based on the data in Table 5 , the fusing regret matrix R shown in Table 6 is obtained by Eq. (6) .
At this stage, each column elements in matrix R are sorted in descending in order to get r jp j (k) . The effective regrets for four suppliers can be obtained by Eq. (10) . Same as the case for calculating effective regrets in literature [55] , r in Eq. (10) takes 0.5 in this case. And there are 18 criteria, so m in Eq.(10) is 18. OWA weights W k and r jp j (k) is shown in Table 7 .
After obtaining the effective regrets, the alternative suppliers can be ranked. The greater regret for a supplier, the higher the ranking. Finally, alternative suppliers can be ranked according to the effective regrets. The result of effective regrets and the both ranking result obtained by proposed model and by the method in [49] are presented in Table 8 . According to the ranking result shown in Table 8 , supplier D ranks number 1, which shows that the performance of supplier D is the best among four suppliers. Therefore, the decision of this GSCM problem is choosing supplier D to support GSCM practice for this manufacture.
By comparing two ranking results shown in Table 8 , it can be seen that both two results support that: (1) supplier A and supplier D rank higher than supplier B and supplier C, that is to say, the performance of supplier A and supplier D are better than supplier B and supplier C; (2) supplier C rank higher than supplier D, that is, supplier C is better than supplier B. The difference of two ranking results is the ordering of supplier A and supplier D. The ranking result obtained by the proposed method shows the supplier D rank higher than supplier A. However, the result obtained by method in [49] shows that supplier A and supplier D both rank number one.
In [49] supplier A and supplier D both rank number one, which means there is no difference between good or bad for supplier A and supplier D. So in practice it is difficult for managers to make a choice between supplier A and supplier D. However, the proposed method overcomes this shortcoming. According to Table 8 , it is known that the effective regrets of supplier A and supplier D are much lager than supplier B and supplier C and the regret of supplier A is lager than supplier D. This result indicates that supplier A and supplier D are better alternatives for Table 1 : Criteria for evaluating GSCM [49] The group of the criteria Criteria Concrete content of criteria inbound operations C1.1 Choosing suppliers by environmental criteria C1. 2 Guiding suppliers to establish their own environmental programs C1. 3 Urging/pressuring suppliers to take environmental actions C1. 4 Purchasing environment friendly items production operations C2.1 Design products for recycling C2. 2 Using cleaner technology C2. 3 Improving capacity utilization C2. 4 Promoting remanufacturing outbound operations C3.1 Enhancing vehicle operating efficiency C3. 2 Encouraging eco-driving C3. 3 Using environmental friendly packaging C3. 4 Reducing empty running C3. 5 Improving vehicle routing using GPS (Global Positioning System) and other systems C3. 6 Increasing vehicle payload capacity reverse logistics C4.1 Re-use of products and components C4. 2 Recycling of materials C4. 3 Waste management C4. 4 Taking back packaging Table 2 : Linguistic assessments of suppliers and Weights of criteria [49] Criteria Supplier A Supplier B Supplier C Supplier D Weight Table  8 , the effective regrets of supplier D and supplier A is 0.076, and 0.107 respectively. According to these two regret values, the manager can easily make a clear choice to choose supplier D.
Conclusion
A good GSCM is important for reducing the environmental harm cased by industrial activities through the supply chain. The companies need to evaluate their own GSCM performance and select the best supplier. Therefore a good evaluation model plays an important part. In this paper, a novel fuzzy multi-criteria decision making method for GSCM is proposed. In the proposed decision-making method, the regret sense of decision-maker is taken into consideration, which improves the accuracy and reliability of decision making. Besides, instead of using the basic regret decision-making method, the fuzzy generalized regret decision-making method is proposed to obtain effective regret. The generalized regret decision making method based on OWA is used for certain decision-making environment in [55] . On this basic, the proposed method can be used to settle problems under fuzzy decision-making environment. Then the proposed method is implemented to the case about GSCM practices introduced in [49] , as a result of which, a more accurate and clearer ranking result about green suppliers is obtained. A comparative analysis of the result verifies the effectiveness and feasibility of the proposed method in this paper. In the future research, the proposed method is expected to extend its applications. More multi-decision making problems in any other application background can be considered to resolve with this method.
